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Pre-disturbance characterization of a forested mountain drainage 
basin in the Belt Series of western Montana. 78 pp.
Director: Dr. Donald F. Potts
A knowledge of natural erosion rates of the Belt Series of 
western Montana is a prerequisite to the prescription of "best 
management practices" by the forest industry of the region. 
Suspended sediment yield, as an index of erosion, was determined 
for a single drainage basin on quartzitic and argillaceous members 
of the Missoula Group, using discharge and sediment concentration 
measurements from two stations. Physical and biotic features 
relevant to erosion were quantified for the undisturbed basin.
Sediment yields of 0.18 tons/km2yr were estimated for the 
year July 1982 till June 1983. Comparison with other measurements 
on this geology, and with predictions from two models, show this 
yield to be very low. Low yields are explained by the minimal 
surface run-off and overland delivery of eroded material, the 
stability of the soils and the extensive ground cover. Channel 
erosion is indicated as the principal source of measured sediment.
The representativeness of the study basin in terms of its 
morphology was tested against a sample of 107 basins in western 
Montana. Above normal drainage density, relief and elongation are 
not reflected in the sediment yields. Use of multivariate 
techniques on the pool of morphometric variables showed little 
tendency towards uniformity of basin structure within geographic 
locations or third level land system classification units.
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CHAPTER I
INTRODUCTION AND SITE DESCRIPTION
INTRODUCTION
Suspended sediment is a major water pollutant in Montana. Anderson 
et al. (1976) cite sediment as the cause of 80% of water quality
problems related to forestry. Abnormally large concentrations of
suspended sediment indicate accelerated erosion of the productive land 
base. Suspended sediment is covered as a "non-point source" form of
pollutant by the Clean Water Act of 1972, as amended in 1977. This law
requires the forest industry to apply "best management practices" 
(B.M.P.'s) in order to minimize suspended sediment yields. Montana law 
does not specify B.M.P.^s but leaves the onus of this detail on the 
landowner.
A knowledge of natural erosion rates is a pre-requisite to the 
specification of acceptable levels of suspended sediment. These rates 
have not been determined for the Precambrian Belt Series which underlies 
much of the forest land of western Montana. At present, the necessary 
baseline data are derived by adjusting measurements made on different 
geologic formations in neighboring Idaho and Oregon. The strong 
geologic and climatic differences between these regions are good reason
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to expect the behavior of western Montana watersheds to be significantly 
different.
The intention of this study is to provide information on actual 
erosion rates in a forested drainage basin on the Belt Series of western 
Montana, as indicated by suspended sediment yields.
Ob iect ives
This study is the first part of a project which will monitor the 
impacts, if any, of standard roading and logging activities by the 
Timberlands Division of Champion International on the sediment yields of 
a single drainage basin.
The specific objectives of the study were:
a. to measure the pre-disturbance suspended sediment 
concentrations in, and develop a sediment rating curve for, a 
stream draining a sub-drainage of Johnson Gulch;
b. to characterize the basin in its pre-disturbance state in terms 
of factors thought to be related to sediment yield; and
c. to establish, theoretically, the representativeness of the 
study basin of forested mountain drainages in western Montana.
Follow-up studies will endeavor to relate possible future changes 
in suspended sediment yields to changes in causative factors, 
particularly those which are management induced.
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Organ izat ion
The third objective of this study amounted to a separate 
investigation and produces a dichotomy in the work. The paper has been 
broken down to handle these parts as individual units within the whole.
Chapter 1 is the introduction and detailed description of the study 
basin describing the relevant environmental factors. Chapter II deals 
with the sediment yield aspects of the study. Chapter III describes the 
study to determine the representativeness of the basin. Chapter IV 
brings both parts of the study together in the general conclusions.
SITE DESCRIPTION
Choice of Site
The study basin is situated on land belonging to Champion 
International, at whose request this study is being done. Its selection 
was based on the following considerations.
a. It was in a stable, relatively undisturbed condition. The 
basin had been selectively logged roughly eighty years ago but 
impacts were small and hydrologic recovery is almost certainly 
complete.
b. The basin is part of an area due to be entered for logging in 
the near future, so the opportunity exists for the impact of 
management activities to be measured.
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c. The stream was small enough to be easily and accurately 
measured by means of gauging flumes.
d. The basin offered relatively easy access for installing 
equipment and frequent sampling.
Locat ion
The study basin drains into Johnson Gulch, a third order stream 
wh-ich joins the Blackfoot River about 2 km north-east of Bonner, near 
Missoula, Montana (see Figure 1). The approximate center of the basin 
is at 46° 54'40" N. latitude and 113°50' W. longitude. Access was gained 
either by vehicle along old logging roads or by foot, directly up from 
the Blackfoot River.
The study basin is well covered by maps and aerial photographs..
The largest scale topographic map available is the Blue Point Quadrangle 
of the U.S.G.S. 7.5' series at a scale of 1:24,000. Geologically the 
basin is covered by the Bonner Quadrangle map of Nelson and Dobell 
(1961) at a scale of 1:62,500. The best aerial photographic coverage is 
in color at a scale of roughly 1:12,000, given by job JE (1981) flown by 
Burlington Northern.
s c a l e  1 : 2 4 0 0 0
c o n t o u r  i n t .  2 0 0  ft
\  . 6 0 0 0
• .  ' 5000 '
4000
M O N T A N A
F i g u r e  1 : B a s i n  l o c a t i o n  a n d  t o p o g r a p h y
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S ize and Shape
The area of the basin is 1.37 kmz . It has the shape of an
elongated ellipse, being 3 km long but only 0.6 km wide, hence a length
to width ratio of 3.
Topography
The elevation ranges from roughly 1,100 m at the mouth to 2,010 m 
at the ridge top, giving the considerable relief of 910 m. The basin is 
a simple, steep-sided, V—shaped valley oriented towards the south-west. 
The channel falls along a smooth concave curve with a mean stem fall of 
28%. Side slopes in the upper two-thirds of the basin are very steep, 
ranging from 40 to 55%, but at its lower end the basin flattens out with 
side slopes of 15 to 30% (see Figure 1).
Principal aspects are due to the well defined valley and hence are
NW and SE, though the less incised portions of the basin, at the highest
and lowest elevations, tend toward south-westerly aspects.
Quantitative morphometric characteristics of the study basin are 
given in Table 1 where they are contrasted against values from samples 
of basins in the same landtype subsection (Forest Service 1976) and in 
western Montana in general (see p. 36).
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Table 1: Quantitative morphometric characteristics of the study basin
Value for Values for 22 basins Values for a
study basin in same landtype sample of 10J
Variable
subsection (M25) 
mean s.d.
bas ins 
mean s.d.
Area (A,kmz) 1.37 3.96 — 4.903 —
Basin length 3.00 3.22 — 3.62 —
(L ,km)
Stream length 3.18 6.44 — 6.51 —
(S ,km)
Stream seg. 3 7.18 — 6.6 —
(N)
Elongat ion 0.44 0.65 0.11 0.67 0.11
ratio (E)
Drainage dens 2.32 1.76 — 1.4 —
( D , km"1 )
Stream freq. 2.19 2.28 — 1.45 —
(F ,km'2)
Relief (H,m) 911 690 208 716 189
Relief ratio 303.7 236.4 88.9 214 75.9
(R,m/km)
Log A 0.31 1.06 0.82 1.39 0.66
Log L 1.1 1.09 0.41 1.23 0.33
Log S 1.16 1.59 0.75 1.68 0.60
Log N 1.1 1.73 0.75 1.55 0.87
Log D 0.84 0.57 0.27 0.3 0.28
F 1.48 1.46 0.41 1.15 0.37
Log R 5.72 5.40 0.38 5.3 0.36
Note: Standard deviation (s.d.) is only given for normally distributed
variables.
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The elongation ratio and drainage density for the study basin both 
differ from the means of both samples by a full standard deviation. The 
elongation ratio is an expression of the narrow shape of the basin and 
is related to the high drainage density which is more a result of the 
narrowness of the basin than it is of stream length. Also notable is 
the above average relief of the basin, especially considering its small 
s ize.
Climate
The Missoula valley region, in general, has a temperate continental 
climate moderated by the maritime influence of the Pacific air mass. 
Extrapolation of climatic data for the study site is likely to be 
unreliable because of the influence of the rugged mountain terrain and 
elevational range, which exaggerate the spatial and temporal variation 
in climate. Climate is of primary interest in a study such as this as 
it is probably the principal driving variable in the hydrologic cycle 
and erosion process.
The weather recording station at the Missoula County airport 
provides the longest-term local climatic data. Its topographic position 
on the wide valley bottom and its elevation some 130 ra below the bottom 
of the study basin make it less than ideal for description of the 
climate in the study area. Another recording station in the Rattlesnake 
valley at an elevation of 1,103 m is likely to provide a better base for
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extrapolation to the study basin. Finklin (pers. comm.)1 has used the 
thirty year means at the Missoula airport to smooth seven years of 
precipitation and temperature records at this upper Rattlesnake station. 
These smoothed records are used as the basis for the following 
descriptive figures.
Projected air temperature for the lower end of the study basin is 
given in Figure 2. A likely lapse rate in this area is 1.7 C for every 
300 m elevation change (Finklin, pers. comm.), indicating mean 
temperatures at the top of the basin are about 5 C cooler than the 
mouth.
The expected distribution and depth of precipitation is shown in 
Figure 3. The amount of precipitation received in the basin is 
undoubtedly influenced by elevation. According to isohyetal maps , 
produced by the Soil Conservation Service (USDA 1977), annual 
precipitation is likely to increase from 520 mm at the lowest elevations 
to around 1000 mm at the highest. The proportion of precipitation that 
falls in the form of snow increases with increasing elevation, ranging 
from around 30% at the lowest elevations to around 50% at the highest 
(Finklin, pers. comm.; Miller et al. 1973). Snowmelt, being a 
function of temperature and insolation, occurs over an extended period 
of time because of the considerable range in elevation and the sharp 
contrasts in aspects.
1. Arnold Finklin, Meteorologist, Northern Forest Fire Laboratory, 
Forest Service, Missoula, Montana.
10
3 0
•20
max.
mean
m ean-5
Air tem perature min.
0  N D J F M A M J J A S
Figure 2 : A ir tem pera ture  at Upper Rattlesnake station (1100m ) 
not©  : (m o a n -5 ) Ind ica tes  p ro b a b le  tem p, range w ith  e le v a tio n
150
Precip ita tion
(mm) 100
j probable range with elevation
approxim ate  precip . at low est e levation
O N D J F M A M J  j  a  s
Figure 3 : Mean monthly p recip ita tion at Upper R attlesnake sta tion
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Figure  4  : P r ec ip i t a t i o n  f r e q u e n c y  d u ra t i on  a n d  in ten s i ty
d a t a  f rom Miller e t  al ( 1 9 7 3 )
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Doornkamp 1 9 7 4 ) .  D i s s m e y e r  and F o s t e r  ( 1 9 8 0 )  g i v e  e r o s i v i t y  o f
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precipitation as a function of rainfall intensity and amount. The study 
basin, as shown in Figure 3, receives a relatively low total 
precipitation which is well distributed through the year. The low 
intensity of precipitation events further reduces the erosivity (energy) 
of precipitation inputs.
Hydrology
Little detail is available on streamflow because of the short 
period of record. The stream draining the basin, though indicated on 
the Blue Point topographic map as intermittent, has continued to flow, 
at both gauging stations, from the start of this study through the 
present. Streamflow records, as available, are presented in graphic 
form in Figure 5. It is obvious that streamflow is overwhelmingly 
dominated by snowmelt.
Steep slopes, the high drainage density and shallow soils cause 
drainage of the basin to be very rapid, though overland flow is likely 
to be rare. Water moves downward through the soil mantle to the water 
table or perched zones of saturation. Most water appears to be 
delivered to the stream as quickflow (interflow) from subsurface 
sources. It is likely, considering the steep slopes and shallow soils, 
that the phreatic and topographic divides coincide. Rapid drainage 
means that there is negligible leakage from the basin. Groundwater 
discharge probably accounts for a significant, but unknown proportion of 
water losses.
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The shape of the hydrograph is markedly different for snowmelt as 
opposed to rainfall events. During snowmelt, there is a slow but steady 
rise over 2 to 3 days, followed by a somewhat longer steady decline.
The whole cycle is typically stretched over a week to 10 day period. 
Rainfall events cause a very steep and brief rising limb, followed by a 
less steep falling limb, and very low recession curve. The rainfall 
hydrograph cycle is usually less than a day. These hydrograph shapes 
are illustrated in Figure 6. Throughout summer there is a notable daily 
response in the hydrograph to evapotranspiration demands, normally 
lasting from noon until dusk.
Geology
The geology of the study basin (see Figure 7) was mapped and 
described by Nelson and Dobell (1961), from which the following 
description is taken. The basin is underlain by three formations of the 
Missoula Group of the Precambrian Belt Series. The Missoula Group is 
from the upper part of the Belt Series and has a complex history of 
folding and faulting. The lower half of the basin lies on Garnet Range 
quartzite; greenish-gray quartzite, dark green and dark gray 
argillites, shale and sandy argillites. A small part of this lower 
section of the basin is interrupted by two small faults and contains 
McNamara argillite; mainly metamorphosed clayey siltstone, and 
argillite. The upper half of the basin is formed of Pilcher quartzite 
consisting principally of red, cross—bedded quartzites. The chemical 
composition of each of these formations is given by Foggin (1980).
Precipitation
_ air temp.
Air temp
Discharge 
(I/s ) f
a. spring snowmelt hydrograph
Air temp
CC)
Notes : precip . and temp, data are
from  R attlesnake valley.
hydrographs from  the m iddle station.
29  jU N  82  3C
Figure 6  : Sam ple Hydrographs
16
2000 m
I 000 m
\
Pilcher quartzite: Red quartzite with strongly
accentuated crossbedding
Garnet Range quartzite: Greenish gray quartzite, argillite,
shale, and sandy argillite; nearly all contain detrital mica
McNamara argillite: Red and green slightly metamorphosed argilla­
ceous silts tone and argillite and lesser amounts of quartzite
Bonner quartzite: Pink crossbedded feldspathic quartzite
Miller Peak argillite: Red and green silty argillite and argilla­
ceous quartzite, and minor amounts of limy argillite
Figure 7 :
G e o l o g i c a l  c r o s s - s e c t i o n  a l o n g  a x i s  o f  b a s i n  l e n g t h  , 
a d a p t e d  f r o m  N e l s o n  a n d  D o b e l l  ( 1 9 6 1 ) .
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Exposed rocks are hard and resistant to decay. Erosion yields fine 
sands, silt6 and very few clays. Development of the valley appears 
mainly to have been by fluvial downcutting. Nelson and Dobell (1961) 
mention numerous signs of glacial erosion in nearby mountains to the 
north and west. There are rocks in the lower Johnson Gulch valley which 
bear the signs of glacial action (Nimlos, pers. c o m m . ) , but these 
were possibly carried in from the north. There are numerous patches of 
scree in and around the study basin. These indicate ongoing colluvial 
movement of earth materials, a process which is likely to be important 
in an area of such steep slopes. Evidence on the ground, however, 
suggests that colluvial action is relatively slow.
Soil s
The soils of the study basin were mapped by the Soil Conservation 
Service in the Lower Blackfoot Soil Survey (Anderson and Hunter 1972) 
from which much of the following description is taken.
All soils are derived from quartzite and argillite colluvium, with 
quartzite parent materials predominating. They tend to be shallow, with 
a high cobble fraction, are well mixed and show poor horizon 
development. Depth is dependent on slope and landscape position. A 
buried volcanic ash horizon was found beneath a scree slope exposed at a
road cut in the lower Johnson Gulch valley, but no sign of volcanic ash
horizons were found in the study basin.
1. Dr. Tom Nimlos, Professor of Soil Science, University of Montana,
Missoula.
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On the cooler aspects and highest elevations, soils are grouped in 
the Holloway mapping unit. These are predominantly mapped as loamy 
skeletal, mixed, Andie and Lithic Cryochrepts. They have a generous 
covering of forest litter which provides a high organic matter content 
to the upper horizon of the profile.
On the warmer aspects the soils are grouped in Winkler mapping 
units. These have a lower organic matter content than the Holloway 
soils. They are classified, from low slopes and elevations to the 
highest, as loamy skeletal, mixed, frigid, Udic, Typic and Lithic 
Ustochrepts. Patches of rock outcrop are common on the steeper slopes.
Texturally all the soils are generally similar, being gravelly to
extremely gravelly, sandy, to very fine sandy loams. The infiltration
capacity and permeability of the soils is high. Recorded rainfall 
intensities for the area are very unlikely to exceed the infiltration
capacity of roughly 50-150 mm per hour (Troechle, pers. comm.)^' •
Anderson and Hunter (1972) rate the risk of water erosion of all 
these soils as ranging from "moderate" for the gentler slopes to "high" 
for the steep slopes. These ratings apply only once the soils are 
bared. From general experience, the soils of the quartzitic and 
argillaceous Belt Series are known to be stable and have a low 
erodability, requiring the lowest specifications and control measures of 
logging and roading operations.
1. Dave Troechle, Soil Scientist, Soil Conservation Service Field 
office, Missoula.
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Vegetat ion
The basin supports vegetation of several habitat types as defined 
by Pfister et al. (1977). Almost all of the basin is covered in 
Pseudotsuga menziesii habitat types, the exceptions being the highest 
portions of the basin where Abies lasiocarpa/Xerophyllum tenax and 
scattered areas of scree habitat types occur. The majority of the basin 
supports Pseudotsuga menziesii/Phvsocarpus malvaceus habitat type with 
the Physocarpus malvaceus phase occuring at low elevations on cooler 
aspects, while the Calamagrost is rubescens phase occurs on the warmer 
aspects and ridges.
Other habitat types are Pseudotsuga menziesii/Linnaea borealis and 
Pseudotsuga menziesii/Vaccinium globulare on cool aspects and 
Pseudotsuga menzies ii/Symphoricarpos albus and Pseudotsuga menz ies i i/ 
Calamagrost is rubescens on the warm aspects.
Canopy cover, shrub cover and ground cover differences coincide 
largely with the changes in habitat-types and phases. There are limited 
areas of bare ground. Occasional openings in the forest, with sparse 
shrub and ground cover, occur on the warm steep slopes. Table 2 gives 
the results of a field survey of basal area and ground cover within 
three canopy cover classes.
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Table 2} Canopy cover, ground cover and basal area within the 
study basin.
Canopy 
name °/>
cover 
i area
class 
% cover
Ground cover 
cover type
by class (%) 
%
Basal area 
by class 
(mz/ha)
Dense 25 80 bare ground 0 29
rock 1.5
litter 88.5
live plant 10
Open 40 55 bare ground 6 16
and rock 17
Patchy litter 73
live plant 4
Sparse 35 25 bare ground 19.5 10
rock 6
litter 67.5
live plant 7
Note: Methods used to collect the data in this table are described
in Chapter 2, section entitled "Other Variables."
CHAPTER II
SEDIMENT YIELDS 
STUDY DESIGN AND METHODS
Equipment Installation and Sampling 
Discharge measurement
An H-flume with a capacity of 560 1/sec was installed at the first 
stretch of suitable stream above the mouth of the basin. This "middle 
station" serves the total drained area of 1.37 km2. A smaller H-flume 
with a capacity of 280 1/sec was installed at a point above all 
projected management activities and yet low enough to carry perennial 
flow. An area of 0.68 kmz is served by this "top station". This design 
is similar to a "nested pair" of catchments except that the drainages in
this case are in series. The top half of the basin provides an index of
the undisturbed condition, while the lower station gauges the integrated 
effect of partial disturbance.
The flumes were attached to a wooden approachway constructed in
accordance with specifications given in Agriculture Handbook No. 224
(Brakensick et al. 1979). The apparatus was placed in the stream
channel so as to intercept as much of the surface flow as possible. The
21.
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top station was moved twice for lack of perennial water. Its current 
position, below a zone of considerable groundwater discharge was 
established in September 1982. The middle station was established in 
October 1981 and recording commenced in April 1982. Some subsurface 
flow leaks beneath the top flume.
At the mouth of Johnson Gulch a stilling well was installed on the 
stream to measure stage changes. Data collection from this "bottom 
station" began in August 1982.
Each station was equipped with a Stevens type-F flowmeter. These 
recorders are driven by spring-wound clocks and provide a continuous 
stage record for an eight-day period. The clocks proved temperamental, 
resulting in several gaps in the long-term stage record.
The discharge at the middle and top stations was determined 
directly from the stage record and tables for the H-flumes (Brakensick 
et al. 1979). At the bottom station discharge was estimated at seven 
different stages using the formula:
Q = A * V
where:
Q = discharge;
A = cross sectional area of stream at specific transect; and 
V = flow velocity past the transect.
For each discharge estimate, stream area at the transect was measured
using a transit and staff and flow velocity was measured using a
Gurley-Teledyne flow velocity meter.
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The seven pairs of stage/discharge determinations for the bottom 
station were used to establish a stage - discharge rating curve. This 
rating curve was used with the continuous flowmeter record to estimate 
mean daily discharge at the bottom station.
Suspended Sediment Determinations
Total suspended sediment (T.S.S.) was determined from water sampled 
at the middle and top stations. Samples were taken by holding a one 
liter, plastic sampling bottle under the mouth of the flume, so as to 
collect water which had been well-mixed by the narrowing of the flume. 
Two samples were taken at each station on each visit, and instantaneous 
discharge recorded at each sampling.
During low-flow periods the stations were visited weekly, when all 
servicing and sampling was done. In an effort to increase the number of 
samples taken during high-flow periods, the stations were visited twice 
as frequently. Suspended sediment sampling was therefore roughly 
stratified according to discharge.
There were two biases in the suspended sediment sampling; one the 
result of daily discharge variations, and the other caused by weather 
conditions. Each sampling involved a three hour walk into the study 
basin. This meant that all samples were taken during daylight hours and 
most in the afternoon. For practical reasons there was not an equal 
chance for samples to be taken during inclement weather. Neither of 
these biases would have affected samples during the spring because in
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this season discharge was largely independent of daily weather 
conditions.
Suspended sediment was measured as the mass of non-filtrable 
residue (using 0.45/^ pore, glass fiber paper). Oven dry residue was 
weighed on a balance accurate to 0.05 mg because of the low 
concentrations. Prior to May 1983, residues were weighed on the 
normally recommended "4-figure" balance, which incorporates a random 
error of 0.5 mg.
Other Variables
To characterize pre-disturbance condition of the basin, canopy 
cover was estimated by inspection of 1:12,000 scale, color aerial 
photographs of the basin, and comparison against standard density 
patterns. Ground cover estimates were made using the microplot sampling 
technique, verified by Morris (1973), which is both fast and accurate. 
Each plot was assigned to one class of bare ground, rock, litter or live 
plant. Four 50 plot transects were sampled in each of the four 
recognized canopy cover classes. Basal area was estimated by the 
Bitterlich variable plot method using a relaskop. Three plots were 
taken on each transect line.
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Bedload
A belated effort was made to measure bedload by trapping all large 
particulate matter in a 2 mm mesh net fixed below each flume. This 
effort was unsuccessful overall as the net tore during high flow 
periods. The bedload was separated from the organic matter in each 
catch by floatation and incineration.
DATA ANALYSIS
The frequency distribution of the discharge and sediment 
concentration values were tested against a normal distribution using 
descriptive graphical comparisons (Fowler 1981), by tests of skewness 
and kurtosis (Snedecor and Cochran 1967), and the Kolmogorov-Smirnov 
goodness-of-fit test (Ponce 1980). A log transformation was finally 
chosen for each of these variables as it brought the distributions 
closer to normality.
Mean daily discharge at each of the gauging stations was regressed 
against that at the other stations. Simple linear models resulted for 
the prediction of discharge at any station based on that at another. 
Using these regressions where necessary, and simple extrapolation where 
no records existed, estimated discharges were obtained for a full year 
period at the middle and top stations. Thus an estimate of total annual 
discharge from the stations could be made.
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The mean of the two sediment concentration samples taken at each 
sampling at each station was used as a single sediment concentration 
estimate because the two samples were not truly independent. The 
sediment concentrations and the associated instantaneous discharge were 
treated as pairs. Sediment concentration was regressed against 
discharge at the top and middle stations separately, for the spring 
period, and for the rising and falling limbs of the hydrographs 
separately.
RESULTS AND DISCUSSION
Mean Daily Discharge
The details of the regression equations developed for prediction of 
mean daily discharge are presented in Table 3.
Table 3: Mean daily discharge regression equations.
General form of prediction equation: Y = a X^
Dependent Independent a b r z n rejection level
(Y) (X) for H : b = 0
Q, bottom Q, middle 6.31 0.15 .42 248 99.9%
Q, top Q, middle —0.50 0.80 .92 197 99.9%
Key: Q - discharge in l/sec
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The strong correlation between the top and middle stations is to be 
expected. This relationship is weakest during early spring when 
discharge at the middle station mainly reflects snowmelt from lower 
elevations in the basin. The relationship between the middle and bottom 
stations is affected by a similar phenomenon, but on a larger scale.
The Johnson Gulch basin loses its snow over a longer period of time, and 
later into the year, than does the sub-drainage. Hence the ratio of 
discharge at the middle station to that at the bottom changes from large 
to small through the spring.
Mean annual discharge was estimated using two prediction equations 
(Potts 1983). The results of 18.2 and 11.9 1/sec compare with an actual 
mean discharge for the year July 1982 to June 1983 of 5.3 1/sec. The 
measured discharge was well below average, even assuming the predicted 
estimates were high by a full margin of error.
Sediment Concentrat ions
The significant sediment concentration prediction equations are 
presented in Table 4. The relationship between sediment concentration 
and discharge at the middle station was not significant. The scatter of 
sediment concentration values against discharge levels is shown in 
Figure 8. The distribution of sediment concentration appears to be 
independent of discharge; the relationship between the two variables at 
the top station is significant only because of the large sample size, 
but it explains very little of the variation in sediment concentration.
Table 4. Sediment p re d ic t io n  equations, ie .  sediment ra t in g  curves.
A l l  equations are o f  the form: Y = a Xb
no. dependent (Y) independent (X) a b r 2 n
re je c t io n  leve l fo r  
Ho: b = 0
1 sed. conc. T s tn . 
(mg/1)
discharge, T stn. 
(1/sec)
0.3615 0.1016 .08 40 92%
2 sed. conc. M stn. 
(mg/1)
d ischarge, M stn. 
(1/sec)
1.2934 0.0171 .005 53 40% 
c a n ' t  r e je c t
3 sed. conc. top 
s tn . (mg/1)
sed. conc. M stn. 
(mg/1)
0.3234 0.9244 .35 39 99.9%
4 sed. conc. T stn. 
spring only  (mg/1)
discharge, T stn. 
spring only (1/sec)
0.2888 0.2143 .11 29 92%
5 sed. y ie ld  T s tn . 
(mg/sec)
discharge, T s tn . 
(1/sec)
0.3615 1.1016 .91 40 99.9%
6 sed. y ie ld  M stn . 
! (mg/sec)
discharge, M s tn . 
(1/sec)
1.2934 1 .0171 .95 53 99.9%
Key: sed. cone: suspended sediment concentra tion
T. s t n . : top s ta t io n
M. s tn . :  middle s ta t io n
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The n u l l  h y p o t h e s e s  f o r  e q u a l i t y  o f  s l o p e s  ( b )  and i n t e r c e p t s  ( a )  
b e t w e e n  t h e  f u l l - y e a r  and s p r i n g - o n l y  d a t a  a t  t h e  t o p  s t a t i o n  ( E q u a t i o n s  
1 and 4 )  c o u l d  n o t  be  r e j e c t e d .  The d i f f e r e n c e  b e t w e e n  t h e  means  o f  
s e d i m e n t  c o n c e n t r a t i o n  a t  t h e  t o p  an d  m i d d l e  s t a t i o n s  was h i g h l y  
s i g n i f i c a n t  ( 9 9 . 5 % ) .
Figure 8: Sediment concentration against discharge
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Sediment Yield
The sediment yield from the top and middle stations is given in 
Table 5 for the two periods shown. The sediment yield prediction 
equations for the top and middle stations (Table 4, Equations 5 and 6 
respectively; and Figure 9) are a parallel of the sediment 
concentration relationship. This is because the sediment yield is 
calculated as the product of discharge and sediment concentration. For 
the middle station, b is not significantly different from 1, suggesting 
that sediment yield is directly proportional to discharge.
Table 5: Sediment yield
Top Station * Middle Station
Apr - Jun 83 Jul 82- Apr -- Jun 83 Jul 82-
% of Jun 83 % of Jun 83
year year
Water yield (m5) 59,829 73 81,932 107,090 64 168,343
Sediment yield (SY) 29.4 77 38.3 154.9 64 243
(kg)
SY (kg /kmz, 43.2 56.3 113.1 177.4
tonXlO'Vkm2-)
SY (kg/kmzday) 0.48 0.15 1.24
/ t v  • \l-lOH,
0.48
* using sediment rating curve SY - 0.3615 (Disch.)1 olb 
** using a mean sediment concentration of 1.4 mg/1
The results of sediment yield monitoring by the Lolo National 
Forest llydrologist were compared with the results of this study. Only 
the results from small, undisturbed or lightly impacted basins were 
used. Table 6 shows the mean sediment yields for basins on three 
different geology types common in western Montana.
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Figure 9: Sediment yield against discharge
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T a b le  6̂ : Sed iment  y i e l d s  f rom s e l e c t e d  b a s i n s  on
Lolo N a t i o n a l  F o r e s t ,  1979-1982 .
Dominant
ge o lo g y
number of  
b a s  i n s
mean s p r i n g  
s e d im e n t  y i e l d  
(kg /k m 2d a y )
s t  d . d e v . 
(kg /km2 day)
G r a n i t e 3 24.7 10 6 .3
G l a c i a l  d e p .  
mixed s i l t ,  
s a n d ,  b o u l d e r s
3 8 .9 15 .2
N o n -c a rb o n a te  
B e l t  ro ck s
11 9 .2 3 . 8
Study b a s i n 1 1 .2 4 -----
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The 1983 sediment yield data from only four of the monitored basins 
on the Lolo National Forest are currently available. The 1983 yields 
are only 25 percent of the five year mean. Total discharge for the year 
of measurement was probably well below average. As shown in Table 7 
peak streamflows in western Montana basins typically last over only two 
months. The 3 month period of high flow measured in the study basin 
during spring of 1983 implies a longer than normal period of high 
streamflow. The combined effect of the low discharge and extended 
high-flow period could partially explain the low sediment yields 
measured in this study specifically, and during 1982 in general. The 
sediment yields from the study basin for 1983 (Table 5) may therefore be 
as little as a quarter of average yields.
Table 7: Temporal distribution of discharge
Basin Mean ann. area elev. % of total annual discharge
discharge (km2) (m) March April May June July
(m3/sec)
M. Fork 
Rock Cr. 3.66 318 2240 3 4 23 38 13
Nevada 1.14 300 1900 7 12 28 23 6
Blodgett 1.85 68 1930 2 8 27 32 9
Rattlesnake 3.09 184 1650 2 10 36 35 7
Study basin 0.0053 1.37 1220 29 25 34 5 6
(1983)
Source: Surface water records for Montana, U.S. Geol. Survey
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Comparison With Predicted Yields
The predicted sediment yield for the study basin was calculated 
using two prediction models: the Universal Soil Loss Equation (USLE) as
adapted for forest soils (Dissmeyer and Foster 1980), and a computer 
based model of the "Guide for predicting sediment yields from forested 
watersheds" by Regions 1 and 4 of the Forest Service (1981).
The results of the two predictions and the actual yields are given 
in Table 8. The USLE, in fact, only predicts soil erosion (A): 
sediment yield (SY) must be estimated by:
SY = A - Deposition + Channel Erosion (Dissmeyer and Foster 1980). 
Determination of deposition involves estimation of a delivery ratio for 
the basin. The WRENSS procedure (EPA 1980, Chap. IV) was used to 
arrive at a delivery ratio of 4.6%. The delivery ratio is low because 
of the powerful influence of low water availability, and high ground 
cover and surface roughness. Channel erosion, for the sake of a low 
estimate, is assumed to be zero.
Table 8: Predicted and actual sediment yields
Prediction model Sediment yield 
(tons/km2yr)
Region 1, 4 guide 8.89
USLE as adapted to 1.3*
undisturbed forest
Actual 0.18
* A delivery ratio of 4.6% derived from WRENSS 
(EPA 1980, Chapt. IV) was used, assuming 
channel erosion = 0.
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Discuss ion 
Sediment Yield
The suspended sediment yield measured in the study basin is 
extremely low. This is apparent from comparisons against predicted 
yields (Table 8) and actual yields from other western Montana basins 
(Table 6). Even if the sediment yields for the basin are normally four 
times those measured in 1983, ie. around 0.7 m. tons/kmz/yr, they are 
still comparatively low.
How reliable are the measured yields? It is known that sediment 
yields can be extraordinarily high during extreme hydrologic events. 
Doty, Wood, and Merriam (1981), found that normally 90% of the sediment 
yields from 6 forested catchments on Oahu, Hawaii, were delivered over 
2% of the time. But, they were dealing with a very different hydrologic 
system, dominated by high intensity rainstorms of considerable duration. 
In western Montana peak discharge occurs following spring snowmelt when 
the bulk of the sediment yield will be delivered. Frank, Brown and 
Thompson (1973) found that some very high sediment concentrations were 
measured in sub-alpine streams in Colorado following summer 
thunderstorms, but the sediment yield during these storms was much less 
than during spring run-off. The same findings apply to this study (see 
Figure 9).
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To understand why sediment yields from the study basin are so low, 
it is necessary to look at the mechanics of erosion.
The very high percentage of ground cover in the basin severely 
limits erosion by preventing the disturbance (dislodging) of the mineral 
soil by impact or surface run-off. It also provides ample capture and 
storage opportunities for soil which is in transport. The soils of the 
basin have a very high infiltration capacity and permeability. 
Precipitation intensities are low hence saturation of the soil and 
surface run-off are unusual.
The streams are well protected by dense, undisturbed vegetation: a
riparian zone which secures the stream banks and provides a high 
capacity for entrapment and storage of sediment, both before the stream 
and in its channel.
Soil erodability, the inherent resistance to erosion offered by a 
soil, is an important factor in soil erosion. This fact is stressed by 
Anderson et al. (1976). Dissmeyer and Foster (1980) derive the 
erodability factor for the USLE from the texture, organic matter and 
coarse fragment content, infiltration capacity and structure of soils. 
The lack of clays or structure, and a high gravel percentage and 
infiltration capacity, give the soils of the study basin a low 
erodability rating. Because so little soil is exposed, erodability has 
very little influence, if any, on current sediment yields.
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Armoring of the soil and stream channel by gravels can be an 
important factor in reducing sediment yields (Megahun 1974; Anderson et 
a l . 1976). The surface gravels on the soils would further reduce
erodability. Stream channels may become armored by gravels and reduce 
turbidity (Anderson et al. 1976).
On balance, the deterministic factors indicate low yields. But 
they do not explain the actual results obtained. In reality, it seems 
unlikely that any soil reaches the channel by overland means. In a year 
such as that measured, most streamflow was presumably from groundwater 
discharge. Forests are known to offer very good protection to the soils 
of a site. In stable, forested drainages where infiltration capacity 
exceeds precipitation intensity and lateral flow additions, no overland 
flow and hence no erosion will occur (Anderson et al. 1976; Lee 1980; 
Dissmeyer and Foster 1980).
In such a case, all the measured suspended sediment is the result 
of erosion of the stream channel (Anderson et al. 1976). This is a 
likely explanation for the observed situation in the study basin.
If measured suspended sediment is principally an index of channel 
erosion, then it can be expected to be directly related to such factors 
as length of stream channel (reach), wetted perimeter of channel, and 
discharge. Such an assumption would explain the higher suspended 
sediment concentrations at the middle station, llansen (1970, cited by 
Anderson et a l . 1976) reported a fivefold increase in suspended
sediment over a 42 km increase in reach on a stream in Michigan.
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Numerous authors (Branson et al. 1981; Guy 1970; Lee 1980) show 
that sediment yield per unit area decreases with increasing drainage 
area, for a particular river system or region. The opposite effect was 
observed in the study basin (Table 3). A reduction in sediment yield 
per unit area with increasing drainage area can be explained in terms of 
the reduced slopes, velocities and hence transport capacity of the 
larger order streams (Lee 1980). In this study, sediment yield was not 
limited by transport capacity of the stream (as shown by the bedload 
results in the next section) but by the availability of sediment. The 
greater reach of the middle station generated more sediment by channel 
erosion.
The Sediment-Discharge Relationship
Another widely established relationship is that sediment yield is 
proportional to discharge (see Guy 1970; Branson et al. 1981; Heede 
1980). The normal model is:
sediment yield (SY) = aQb
where
Q = stream discharge;
a and b = regression coefficients with regional 
characteristics.
Lane (1949, cited by Heede 1980) suggested a generally applicable value 
of b = 2. This implies that sediment concentration (sediment yield per 
unit discharge) is directly proportional to discharge. Monitoring 
figures for Lolo National Forest and a study on the North Fork of Elk 
Creek both show this trend, which has also been shown by Anderson (1973)
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and Strand (1973 - both cited by Branson et al. 1981, Table 6-8 and 
Figure 6-23).
This study, by contrast, showed that only 12% of the variation in 
observed sediment concentration at the top station, and none of that at 
the middle station, was explained by discharge (see Table 4).
Bargh (1977) found similar results on a small forested basin in New 
Zealand in that sediment concentrations at a fixed discharge differed 
significantly. Dragoun and Miller (1966, cited by Bargh 1977) were able 
to establish individual seasonal rating curves for the same stream.
Heede (1980) explains seasonal changes in sediment concentrations as a 
response to changes in viscosity, which is higher in cold water. This 
does not account for the high low-flow (summer) sediment concentrations 
observed in this study. In a study of sediment yields from low-order 
drainages in sub-arctic Alaska, Slaughter and Collins (1981) were unable 
to develop a relationship between sediment concentration and discharge. 
Their description suggests that sediment yield was largely produced by 
stream channel degradation.
A possible explanation for the results seen in this study is that 
availability of sediment was the limiting factor in sediment yield and 
not transport capacity of the stream. Where transport capacity is 
limiting, sediment concentration and discharge are likely to be closely 
related. The high sediment concentrations sampled at low discharge 
levels could be caused by raindrop impact in and alongside the stream 
channel, particularly during summer thunderstorms. Low sediment
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concentrations sampled at high discharge levels could be due to armoring 
of the channel by gravels and a shortage of available sediments after a 
protracted period of high flows.
Bed load
Bedload yields, in the small sample obtained, were small in 
comparison to suspended sediment yields (Tables 9 and 10)• Of greater 
interest, bedload delivery per unit of discharge was at least an order 
of magnitude higher at the top station than at the middle station.
Larger bedload particles were delivered at the top station.
Bedload transport is related to flow velocity, and channel slope 
and roughness (Morisawa 1968; Einstein 1964). Channel roughnes„s can be 
assumed to be constant for the length of the study stream, but channel 
slope (27% vs. 11%), and hence flow velocity (Lee 1980), is 
condsiderable higher at the top station. Branson et al. (1981) state 
that transport capacity is proportional to the flow velocity taken to 
the 3.2 to 4 power, and transported size is proportional to the fifth 
power of velocity. The difference in flow velocity between the stations
explains the higher bedload yield and the higher proportion of large
diameter particles trapped at the top station. The difference in
bedload between the two stations must be going into storage between
them.
Table 9. Bedload y ie ld  and p a r t i c le  s ize  d is t r ib u t io n .
P a r t ic le  s ize d is t r ib u t io n  (%)
Peak ins tan ­
taneous
V o l. o f  
water
Bedload per 
u n i t  d is ­
Dates & 
Station
Bed!oad
(g) > 9. 5 mm > 4 mm >2 mm <2 mm
di scharge 
(1/sec)
discharged
(m3)
charge
(mg/1)
TOP.
6-10 May
51 .8 25 66 8 1 7.0 2838 1.82 x 10"2
TOP.
10-17 May
253.0 20 41 29 10 14.4 6097 4.15 x 10"2
TOP.
31 May- 
13 June
60.4 9 64 22 5 4.2 2826 2.13 x 10"2
MID.
10-17 May
1.5 0 18 35 47 30.0 15516 .094 x 10"3
| MID.
j 17-31 May
42.7 34 44 12 10 46.7 33582 1.27 x 10"3
| MID.
I 31 May- 
| 13 June
3.2 0 0 29 71 9.8 7009 .4 x 10"3
4
0
.
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Table 10: Bedload vs. suspended sediment yields
Top Station Middle Station
Dates Bedload Susp. Total Bedload Susp. Total
yield yield yield yield
(g) % tot (g) (g) (g) % tot (g) (g)
6-10 May 51.8 8 567.8 619.6
10-17 May 253.0 17 1219.4 1472.4 1.51 .01 15,516.3 15.517.8
17-31 May 42.7 .07 60,447.4 60,490.1
31 May- 60.4 7 847.7 907.8 3.2 .02 13,318 13,321.2
13 June
CHAPTER III
REPRESENTATIVENESS OF THE STUDY BASIN
The final objective of this study was to determine the 
representativeness of the study basin of small forested mountain 
drainages in western Montana. If representative, the results of this 
study could be extrapolated to other basins.
Because so little hard data are available on erosion rates in 
western Montana, it was felt that something more than a direct 
comparison of measured sediment yields (Table 6) was needed. Drainage 
basin morphology should be closely associated with its sediment yield 
potential, because it is the expression of water movement and erosion in 
the basin. Anderson (1981) found that there was a significant 
relationship between some morphometric variables and the sediment yield 
of a sample of 61 mountain catchments in California. The link between 
basin morphology and hydrologic performance has been more widely 
demonstrated as summarized in Gregory and Walling (1973), Murphey et al. 
(1977), and Patton and Baker (1976).
Morphology provides a convenient means for quantitative comparison 
of drainage basins. A small study was therefore designed to establish 
the representativeness of the study basin in terms of its morphometric 
characteristics, from which inferences could be made regarding its 
representativeness in terms of sediment yield.
4 2 .
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STUDY DESIGN AND METHODS
Quantitative Morphometry
The quantitative description of drainage basins was initiated by 
Horton and extended by Strahler and many others. A confusing array of 
quantitative basin descriptors has been developed, all derived from a 
limited number of measurements. The spectrum of available quantitative 
morphometric variables is well summarized in Doornkamp and King (1971) 
and Gardiner (1974).
Measurement of a drainage basin is limited to its areal, linear and 
relief aspects. Various combinations and conversions of these 
measurements are used to produce the many morphometric variables. As a 
result, there is much overlap and autocorrelation between many 
variables. Gardiner (1974) and Ebisemiju (1979) did principal 
components analyses on pools of 23 and 19 variables gathered in Devon, 
England and eastern Nigeria respectively. Both studies showed that over 
80% of the variation between basins was explained by five principal 
components, each of which could be approximated by a single, closely 
related variable. On the basis of these findings, it was decided to 
limit the collection of morphometric variables to those which have been 
shown in previous studies to be important and independent. The big 
advantage of this approach is that a larger sample of basins can be 
measured in the same amount of time.
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Land System Classification
One possible basis for the extrapolation of sediment yield 
observations was the land type unit. If morphometric characteristics 
were homogeneous within, and significantly different between land types, 
then existing land type maps could be used to identify zones of similar 
sediment yield characteristics.
Land system classification can be done at various scales or levels. 
The greater part of western Montana has been mapped according to such a 
hierarchical classification by the Northern Region of the Forest Service 
(Forest Service 1976). The first level of this classification is 
province, "a subcontinental area of broad similarities", of which there 
are four in western Montana. The second level is section, a "component 
part of the province that corresponds to broad vegetation regions having 
uniform climate." The third level of resolution is the subsection, "the 
smallest unit of land relating primarily to geology, structure and 
geomorphic processes". The subsections are mapped at a scale of 
1:500,000, and are widely used as a broad scale aid in planning by both 
the Forest Service and other agencies.
Because the subsection is delineated according to those elements 
(geology, climate, structure and landform) which control or express 
hydrologic performance and geomorphic processes, it was decided to test 
these units of the land system classification for homogeneity of 
drainage basins.
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Of the twenty-five subsection types recognized in the mapped 
portion of western Montana (Forest Service 1976), five were selected on 
which to run this study. Selection was made on the basis of relative 
abundance of the subsection type and its similarity to the subsection 
type (M-25) into which the study basin fell. The identifying 
characteristics of the chosen subsections and their proportional areas 
are given in Table 11. Figure 10 (p. 55) shows the location and 
subsection membership of the sample of 108 basins.
The Study Sample
Gardiner (1974) gives a good evaluation of the various sources of 
information for morphometric studies. Real differences in information 
occur between maps of different series and different scales, and amongst 
field surveys, aerial photographs, and maps (Doornkamp and King 1971; 
Gardiner 1974,1981). Within a particular series and scale, serious 
inconsistencies may still occur (Gardiner 1981). For this study, only 
basins which were mapped in a single series and scale, viz. the USGS 
1:24,000 topographic series (7.5' quadrangles) were used. This 
restriction would minimize errors due to the information source.
A random sample of twenty low order (3rd or less) basins was taken 
from each of the five selected subsections. This sample was enlarged by 
the addition of 8 basins which had either been previously measured 
(Foggin 1980) or on which sediment monitoring had been done. Each basin 
was outlined on the 1:24,000 map and the following measurements taken.
Tab le  11.  C h a r a c t e r i s t i c s  and p r o p o r t i o n a l  r e p r e s e n t a t i o n  o f  s u b s e c t i o n s .
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M25 Nonca rbo na t e  B e l t  
Rock Moun ta ins
No nca rbona t e  
A r g i l l i t e ,  S i l t i t e  
and Q u a r t z i t e
X e r i c  Columbia 
H ig h l a nd  F o r e s t
p r e c i  pi  t a t i  on 
370-880 mm 
r a t i o  r a i n : s n o w = l
S t r a i g h t  and 
Rounded Mountain 
S lo pes
13%
QJ
Uc
M9 G l a c i a l  D e p o s i t i o n  
Mountai  ns
Mixed s i l t  and 
sand t o  b o u l d e r s
Tempera t e  Columbia 
H igh l and  F o r e s t
p p tn .  750-1750 mm 
r a i n : s n o w  = 1
Smooth Rounded,  
Ground Moraine s 
and T i l l  P l a s t ­
e r e d  S lo pes
19%
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Ml 3 Nonca rbo na t e  B e l t  
Rock Mountains
A r g i l ! i t e ,  S i l t i t e  
and Q u a r t z i t e
Tempera t e  Columbia 
H igh l and  F o r e s t
p p t n .  900 -1500  mm 
r a i  n :snow = 1 . 5
S t r a i g h t  and 
Rounded Mountain 
S lo pes
9%
• r -  I
o r  s -  ^
• i -  o  
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t o  i—  
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Ml 4
C
Ca rb o na t e  B e l t  
Rock Mountains
C a r b o n a t e , I m p u r e  
Li m e s t o n e , Dolomi t e , 
a l c a r e o u s  A r g i l l i t e
Tempera te  Columbia 
H ig h l a nd  F o r e s t
p p tn .  750-1500 mm 
r a i  n : snow = 1 .5
S t r a i g h t  and 
Rounded Mountain 
S lo pes
5%
E  CO 0 5  
3
3 ca;
M2 2 G r a n i t e  Mountains
Deeply w ea th e r ed  
G r a n i t e  and Gnei ss
Tempera te  Columbia 
H igh l and  F o r e s t
p p t n .  750-1800 mm 
r a i n : s n o w  = 1
S t r a i g h t  and 
Rounded Mountain 
S lo pes
4%
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Area (symbol - A, units - kmz)
Basin length (L, km): defined as the longest straight line from 
the mouth of the basin to its perimeter. This measure of length is 
simple and objective, though it appears distorted in some cases. 
Stream length (S, km): the total length of streams (perennial and
intermittent) within the basin.
Relief (H, m ) : read off the map, interpolating between the forty
foot contours as necessary, and converted to nearest meter.
Stream numbers (N , dimens ionless): the number of streams of each
order i was recorded, and the total number of segments in the basin 
(N) calculated by the formula (Gardiner 1981):
N = 2 Ni - 1
where N/ is the number of first order streams. Stream order was 
determined by the Strahler system which is "•••the most useful, 
general purpose ordering system, and ....has been used most often." 
It has the further advantage of being completely hierarchical 
(Gardiner 1974, p. 13)
Areas and lengths were measured by digitizer. Using this initial 
data base, the following additional variables were calculated.
Relief ratio (R, dimensionless): R = H/L
Drainage density (D , km”1 ): D = S/A
Drainage density has been criticized by Dingman (1978) as 
being a poor indicator of distance to channel and as being poorly 
related to current understanding of the movement of water in a 
basin. Nonetheless, it is important in explaining both
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geomorphological processes and form (Gardiner 1974; Patton and 
Baker 1976), and was therefore included.
Stream frequency (F, km 1): F = N/A
Stream frequency differs from drainage density in that it is 
the number of streams per unit area rather than the length of 
streams per unit area, and can therefore be significantly 
different. The two are usually functionally related within a 
particular geologic and climatic regime (Strahler 1964). Gardiner 
(1974) found the two to be independently meaningful.
Elongation ratio (E, dimensionless) : E = 2/VtT(Va /L)
This formula is from Schumm (1956, cited by Gardiner 1974).
The coefficient 2/7rT forces E to lie between 0 for a straight line 
and 1 for a perfect circle (Gardiner 1974; Lee 1980).
Shape has been identified as a variable of little value in 
distinguishing between drainage basins. In their factor analyses of 
numerous morphometric variables, Gardiner (1974) and Ebisemiju (1979) 
both found that shape was aligned with the factor that explained little 
of the variance among basins. Anderson (1981) similarly found that 
basin shape was the least useful of the ten variables used to explain 
sediment yield. Murphey et al. (1977) included shape as an important 
part of a single composite variable used to predict the hydrologic 
performance of streams in the Walnut Gulch Experimental Watershed in 
Arizona.
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Elongation ratio was included in this study because it was easily 
calculated from available measurements and held some pronpect of being 
useful •
ANALYSIS AND RESULTS
The frequency distribution of each of the variables was tested 
against a normal distribution using descriptive techniques of graphical 
comparison (Fowler 1981) and the Kolmogorov-Smirnov test of 
goodness-of-fit (Ponce 1980). Elongation ratio and relief did not need 
transformation, while the other variables, excepting stream frequency, 
were normalized by a log transformation. A square root transformation 
normalized the stream frequency values.
Principal component analysis
All the available variables were run through a principal components 
analysis. Principal components analysis is a technique "in which £  
correlated variates are transformed into P_ uncorrelated (orthogonal) 
variates in descending order of variability, only the first k being 
'significant' in the summarization" (Seal 1964, p. 153). The program 
used was P4M (Frane et al. 1981) in the BMDP statistical software 
package (Dixon 1981). Within the program, all the variables are 
standardized to neutralize the effect of units and bring all variables 
to the same scale. The cut-off value for significance of factors was
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set at an eigen-value of 1 (equivalent to an explained variance of 1). 
The program was run a second time after two variables had been dropped 
on the basis of the results of the first run. Area was dropped because 
it was highly correlated with several variables and had a high loading 
on more than one factor (principal component). Number of stream 
segments (N) was dropped as it was so closely correlated with basin 
length and stream length that it contained no additional information.
The second run of P4M produced the factor loading table (Table 12) 
after orthogonal rotations.
Table 12: Rotated factor loadings
Variable Factor 1 Factor 2 Factor 3 Factor 4
H (relief) 0.17 -0.06 0.97 -0.10
log S (stream length) 0.95 0.13 0.10 0.22
log L (basin length) 0.92 -0.28 0.11 -0.23
log D (drainage density) -0.10 0.95 0.02 -0.14
F (stream frequency) -0.03 0.94 -0.03 0.18
variance explained 2.31 1.93 1.41 1.18
cum. variance expl. (%) 37.2 61.2 81.6 97.5
factor interpretation size basin
dissection
re lief shape
On the basis of this principal component analysis, four variables 
were chosen to represent the four factors which explained 97.5% of the 
variance between the basins. The chosen variables (log of stream 
length, log of drainage density, relief and elongation ratio) were not
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only those with the highest loading on a particular factor but they also 
were not strongly loaded on any other factor. This last aspect is 
especially important from the point of view of independence of the 
variables used.
Test of Subsection Means
Each of the variables identified by the principal components 
analysis was split into groups by subsection. The difference between 
subsection means within each variable was tested with a one-way analysis 
of variance (ANOVA), and on a pair-wise basis using a t-test. The 
results of these tests are presented in Tables 13 and 14 respectively.
Table 13: One-way analysis of variance tests for 
difference between group means.
Variable Levene's test for 
homogeneity of Var.
Equality 
of means
Relief (H) 
Elongat ion 
log D 
log S
n.s. 
(E) n.s. 
n.s.
•kick
kick
n.s.
kkk
n.s.
Key: n.s. not significant at 90% level
* significant at 95% level
** significant at 99% level
k k k significance greater than 99%
  not applicable
Note: The te6t of means within variable log(S) did
not assume homogeneity of variances.
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T a b le  14:  P a i r w i s e  compar ison  o f  g roup  means u s i n g  t  t e s t
mean M9 M13 M14 M22
log  S (S t ream  l e n g t h )
M2 5 1 -59 ** n . s . n . s . kkk
M9 1-69 ** ** kkk
Ml 3 1.61 n . s . kkk
Ml 4 1 .60 kkk
M22 1 .8 8
log  D (D r a in a g e  d e n s i t y )
M25 0 .5 3  *** *** *** kkk
M9 0 .1 4 n • s • kkk kkk
Ml3 0 .16 kirk kkk
Ml4 0 .3 3 n . s .
M22 0 .31
H ( r e l i e f )
M25 6 90 *** * kkk n . s .
M9 639 *** kkk kkk
Ml 3 710 kkk n . s  •
M14 849 kkk
M22 703
D ( e l o n g a t i o n  r a t i o )
M2 5 0 .6 5  *** n . s . k kkk
M9 0 .6 8 •kick k n . s .
M13 0 .66 k kkk
Ml4 0 .6 7 k
M22 0 .6 8
Note :  R e f e r  t o  T a b le  13 f o r  k e y .
T a b le  13 i n d i c a t e s  t h a t  t h e  g r e a t e s t  p o t e n t i a l  f o r  s e p a r a t i n g  t h e  
b a s i n s  i n t o  s u b s e c t i o n s  i s  o f f e r e d  by t h e  v a r i a b l e s  d r a i n a g e  d e n s i t y  
( l o g  P) and r e l i e f  (H ) .  T a b l e s  13 and 14 t o g e t h e r  s u g g e s t  a r e a s o n a b l e  
p r o s p e c t  f o r  i d e n t i f y i n g  s u b s e c t i o n s  on t h e  b a s i s  o f  i n d i v i d u a l  
v a r i a b l e s .
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The best description on a basin's identity is probably not given by 
a single variable. Woodruff (1964, cited by Ebisemiju 1979) has 
suggested that regional differences between basins are actually the 
result of diverse combinations of differences. Two multivariate 
techniques were used in an effort to arrive at a classification based on 
the integration of all the information contained in the four variables.
Cluster Analysis
Cluster analysis is the most direct numerical technique employed to 
develop a taxonomic classification (Sneath and Sokal 1973, cited by 
Radloff and Betters 1978). It has been used successfully in several 
natural resource studies (Radloff and Betters 1978). Ebisemiju (1979) 
used it to develop a classification of drainage basins in Nigeria on the 
basis of their morphometric characteristics. This exercise intended to 
do the same thing, with the additional expectation that the groups 
formed by cluster analysis might coincide with the land system 
classification at subsection level.
Two cluster analysis programs available on the BMDP statistical 
software package (Dixon 1981) were used. The first, P2M (Engelman 1981) 
is a hierarchical clustering routine. All cases start as individuals 
and are grouped into clusters according to their similarity. Similarity 
is measured by an amalgamation distance which is a composite expression 
of the difference between the variable values. In this run, the square 
root of the sum^of—squares of the differences between the values of the
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variables for two cases, known as the Euclidean distance, was used 
(Engelman 1981). The distance at which units are clustered is a measure 
of the heterogeneity within the newly formed cluster. The hierarchical 
clustering is conveniently illustrated by a 'tree' (Figure 10). The 
basins are arranged along the horizontal axis and the amalgamation 
distance is given on the vertical axis. Any arbitrarily chosen 
horizontal line will lead to a classification of basins. The higher up 
the vertical axis this cut-off is chosen, the fewer clusters will result 
and the more heterogeneous they will be internally.
From Figure 10, it is apparent that the basins do not group readily 
and distances between clustering levels are small, indicating that the 
differences between them are small. Also, clusters are of highly 
divergent sizes. No classification arrived at by this program showed a 
clear tendency to follow subsection groupings. For these reasons, a 
different clustering techique was tested.
The second clustering technique was in another BMDP program, PKM 
(Engelman and Hartigan 1981). It starts with all basins in one group 
and partitions them into an assigned number of clusters on the basis of 
internal similarity, again determined by Euclidean distance. The PKM 
program produced clusters more similar in size which did not coincide 
with clusters of the hierarchical method. The assignment of the basins 
into 3, 5, and 7 clusters by this program is illustrated in Figures 11a, 
b, and c respectively. These figures also show the subsection 
membership of the basins and their relative geographical locations.
5 5 .
Figure 10 : Hierarchical clustering "tree"
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Figure 11 : Basin location and subsection membership
1 1a . 3 Clusters
membership Indicated by color
M O N T A  NA
I DA H O
Key:
M 2 2
5 7 .
Figure 11 : Basin location and subsection membership
11b. 5 Clusters
membership Indicated by color
UBBY
I D A H O
K e y :
S u b s e c t i o n y m b o l
M  2 5
M 2 2
Basin location and subsection membershipFigure 11
11c. 7 Clusters
membership Indicated by color
|  l ih u y  c A
M O N T A N A
IDA_HO.
HA MUON
S u b s o c l l o n  S y m b o l
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At no l e v e l  o f  c l u s t e r i n g  ( 3 ,  5 ,  o r  7) i s  t h e r e  a c l e a r  s e p a r a t i o n  
o f  t h e  c l u s t e r s  a c c o r d i n g  t o  s u b s e c t i o n  m em bersh ip .  N e i t h e r  i s  t h e r e  
any i n d i c a t i o n  o f  a g e o g r a p h i c a l  c l u s t e r i n g  o f  b a s i n s  a s s i g n e d  t o  t h e  
same c l u s t e r .  The f o r m a l  c l u s t e r i n g  o f  b a s i n s  a p p e a r s ,  by i n s p e c t i o n ,  
t o  be i n d e p e n d e n t  o f  s u b s e c t i o n  membersh ip  and g e o g r a p h i c a l  l o c a t i o n .
D i s c r i m i n a n t  A n a l y s i s
The f i n a l  m u l t i v a r i a t e  t e c h n i q u e  u s e d  on t h e  p o o l  o f  m o rp h o m e t r i c  
b a s i n  d e s c r i p t o r s  was d i s c r i m i n a n t  a n a l y s i s .  T h i s  t e c h n i q u e  r e q u i r e s  an 
a p r i o r i  a s s i g n m e n t  o f  c a s e s  t o  g r o u p s .  The b a s i n s  were a s s i g n e d  t o  
s u b s e c t i o n s .  D i s c r i m i n a t i n g  f u n c t i o n s  a r e  d e v e lo p e d  f o r  e a ch  g roup  
u s i n g  t h e  s p e c i f i e d  v a r i a b l e s .  These  d i s c r i m i n a t i n g  f u n c t i o n s  a r e  u s e d  
i n  t u r n  t o  p r e d i c t  t h e  g roup  membersh ip  o f  any i n d i v i d u a l .  Waylen and 
Woo (1981)  u s e d  d i s c r i m i n a n t  a n a l y s i s  t o  d e v e lo p  a r e g i o n a l i z a t i o n  o f  
d r a i n a g e  b a s i n s  i n  B r i t i s h  Columbia on t h e  b a s i s  o f  t h e i r  c l i m a t e ,  
p h y s i o g r a p h y  and f l o o d  c h a r a c t e r i s t i c s .
A d i s c r i m i n a n t  a n a l y s i s  p ro g ra m ,  P7M ( J e n n r i c h  and Sampson 1 9 8 1 ) ,  
a v a i l a b l e  t h ro u g h  BMDP, was u s e d .  V a r i a b l e s  were  e n t e r e d  by fo rw a r d  
s t e p w i s e  method i n  o r d e r  o f  t h e  l a r g e s t  " F - t o - e n t e r "  v a l u e .  The c u t - o f f  
F v a l u e  f o r  e n t r y  was s e t  a t  0 . 4  so as  t o  f o r c e  e n t r y  o f  a l l  f o u r  
v a r i a b l e s .  The summary t a b l e  f o r  t h e  b u i l d i n g  o f  t h e  d i s c r i m i n a n t  
f u n c t i o n s  i s  g i v e n  a s  T a b le  15 .  The r e s u l t s  o f  t h e  c l a s s i f i c a t i o n  o f  
b a s i n s  i n t o  s u b s e c t i o n s  by t h e  d i s c r i m i n a t i n g  f u n c t i o n s  i s  shown in  
T a b l e  16 .  Only 45% o f  t h e  b a s i n s  were  c o r r e c t l y  c l a s s i f i e d .  The p l o t
Page 60
Table 15: Summary of discriminant funtion building
Step Variable
Entered
F Value 
to Enter
Approx. F- 
Statistic
Deg. of 
Freedom
1 log D 8.8474 8.847 4 103.00
2 relief 4.1670 6.382 8 204.00
3 log S 1.7463 4.776 12 267.51
4 elongation
ratio
0.4984 3.649 16 306.14
of each basin according to their values in the first and second 
canonical variables is given as Figure 12. This figure clearly 
illustrates the extent to which the subsections overlap on these axes. 
The subsection means are fairly closely clustered with a large degree of 
dispersion within each group, but little separation of groups.
Table 16: Classification success of discriminating functions
Group Percent Number of cases classified into group
Correct M25 M9 M13 M14 M22
M2 5 50.0 11 1 2 3 5
M9 52.4 4 11 3 0 3
Ml 3 40.0 4 4 8 2 2
Ml 4 60.0 5 2 1 12 0
M22 28.0 5 5 4 4 7
Total 45.4 29 23 18 21 17
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4 44
Key:
M 2 5
M 9
M 14 
M22 
Q  MEAN
23 4
-2
-2
Figure 12: Plot of basins on the plane of the f irs t two 
canonical variables
The ANOVA indicated the usefullness of log (D) and H for making 
distinctions between subsections. The discriminant analysis was 
repeated using F-to-enter set at 2, ensuring that only these variables 
would be used. The resulting classification is summarized in Table 17. 
The discriminating ability was strengthened for some subsections but 
weakened overall.
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Table 17: Classification success using only drainage density
and relief.
Group Percent Number of cases class ified into group
Correct M2 5 M9 Ml 3 M14 M22
M2 5 34.3 12 1 3 4 2
M9 52.4 4 11 5 0 1
Ml 3 30.0 3 8 6 2 1
Ml 4 65.0 2 2 1 13 2
M22 12.0 9 5 4 4 3
Total 41.7 30 27 19 23 9
DISCUSSION
The basins lie along a continuum for each variable. The 
differences between subsection means are significant and indicate a 
distinct group. The overlap between subsections is such that 
individuals within these groups cannot be correctly placed better than 
half the time. This situation is well illustrated in Figure 12. Only 
those basins near the center of their subsection are correctly 
classified.
The subsections which appear most distinctive are those which lie 
well off the center for a particular variable. Highest success is 
achieved in classifying subsections M25, M9 and M14: M25 and M14 have
the highest drainage density and relief respectively, while M9 has the 
lowest drainage density and relief. Subsections M22 and M13 are poorly 
distinguished as they tend towards the center of the distributions on
the most informative variables, and are "off-center” only on the less 
informative variables. Subsection M22, for example, has the most 
rounded basins with the highest stream lengths but is the least well 
classified subsection.
For an assessment of hydrologic performance or erosion potential, a 
basin should be looked at on its specific attributes and should not be 
judged by the average properties of its subsection type. The subsection 
classification may have applicability in broad hydrologic terms in that 
subsections have recognizable morphologic traits.
Greater success at grouping basins might be achieved using a 
different basis for classification, such as various levels within the 
powerful variables. But considering the continuum spread of the basins, 
this is unlikely to be all that much more successful. Such a 
classification system might have less meaning in terms of erosion 
behavior•
CHAPTER IV
CONCLUSIONS
Sediment Yield
Sediment yield from the study basin was estimated to be extremely 
low, a mere 0.18 tons/km2* yr. Making allowance for the low yields 
recorded elsewhere during the year of measurement, brings the sediment 
yield of the study basin within one standard deviation of the mean of 
sediment yields from basins of similar geology and in good condition. 
The low sediment yields are attributed to the inherent stability of the 
soils, the high ground cover levels, and the undisturbed condition of 
the basin.
The majority of the measured suspended sediment is thought to be 
generated by channel erosion, where transport capacity exceeds the 
sediment load.
Predictive Models
The Region 1 and 4 model grossly over-estimates the sediment yield
from the study basin, principally because the steep, straight slopes
cause an overestimate of erosion. The average distance that dislodged
soil is moved is probably very small, a fact which this model does not
64.
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incorporate adequately. To improve this model the mass erosion hazard 
rating (MEHR) needs refinement by making it more site specific, and 
possibly more deterministic.
The USLE as modified for undisturbed forest sites (Dissraeyer and 
Foster 1980) also estimates a considerable mass of soil eroded by sheet 
and rill processes, better than 99% of which is on the warm, steep 
slopes. The final predicted sediment yield estimate is an order of 
magnitude above actual yields. In a year of higher stream discharge, 
the USLE estimate would be even better. The USLE is a deterministic 
model to a fairly high level of resolution, and it allows for more 
subjective choices. These factors explain its better performance in 
this example. Accurate and objective application of the USLE requires a 
very thorough knowledge of the site.
Representativeness of the Findings
Not too much can be said with any certainty about the results on 
the basis of one yearns hydrologic monitoring. The study needs to be 
maintained in order that these preliminary observations be tested.
The study basin, while undisturbed and well vegetated, appeared to 
have more sediment production potential than was measured. The effect 
of good ground cover and stable soils and channel far outweighed the 
influence of steep slopes and occasional bare ground. The occurrence 
and extent of overland flow is most likely the crucial factor in high 
sediment yields. Morphometric characteristics may be misleading if used
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to predict sediment yield, unless used in conjunction with other factors 
which take priority.
Recommendations for Further Study
Continuation of the study promises confirmation of some interesting 
results. The study could be improved by giving attention to several 
additional aspects.
The sediment sampling strategy could use improvement. The basin is 
particularly flashy in response to rainfall events, and it might be 
important to know what happens to sediment concentrations during these 
brief peaks. Automated samplers will probably be needed to obtain a 
reasonable sample.
The collected bedload provided useful information, but a much 
larger sampling needs to be done if bedload transport and yield is to be 
properly understood. A well-designed bedload trap, which does not 
retain floating organic material, shold be installed well before spring 
runoff commences.
Determination of the particle size distribution of suspended 
sediment samples from the two stations could provide insight into the 
transport mechanisms involved.
To understand the mechanisms of erosion in the basin, more needs to 
be known about overland flow (surface run-off). Under what 
circumstances does it occur, if at all, and to what extent?
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Management Implications
The low sediment yields measured do not give management much 
leeway; even the standard guideline of 150% increase in sediment yield 
sets a low absolute ceiling. The temptation exists for forest 
management to take less care on stable sites such as the study basin 
where soil erosion is less conspicuous and less bothersome. The correct 
approach, though, must be to consider management-induced increases in 
sediment yield against the standard set by natural sediment loads and 
not in absolute terms.
In the study basin, and Johnson Gulch area as a whole, control of 
sediment yield levels will depend on control of sediment delivery to the 
streams. Disturbances which enhance delivery of sediment could greatly 
increase the sediment yield. Delivery can be boosted indirectly, by 
increasing the potential for overland flow, or directly, by allowing 
impacted ground to drain directly into the stream or through soil 
disturbance in the riparian zone. Upsetting the stability of the stream 
channel is another principal means of increasing sediment yields.
Preventative planning and enforcement of mitigation measures hold 
the greatest potential for minimizing impacts of forest management.
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